The Sc7 and Sc14 genes are specifically expressed in the dikaryon of the basidiornycete fungus Schizophytlum commune during fruiting. These genes are closely linked (within 6 kb) and highly similar in gene structure and nucleotide sequence (70 % identical nucleotides in their coding regions). The encoded proteins (204 and 214 amino acids, respectively) have 87% similarity in amino acids (56% of the amino acids are identical). They contain putative signal sequences for secretion, are rich in aromatic amino acids which are generally located at similar positions, and they are generally hydrophilic. Inspection of databanks showed similarities with pathogenesisrelated proteins (PR1) from plants, testis-specific proteins from mammals and venom allergen proteins from insects. An antibody raised against a Sc7 fusion protein showed the presence of the Sc7 protein in the culture medium and in the fruit bodies where it is apparently loosely associated with hypha1 walls. 0001-8257 0 1993 SGM
Introduction
Fruit-body formation is the most conspicuous developmental process in higher fungi. In the basidiomycete Sckizophyllurn commune the genetic system controlling dikaryon and fruit-body formation is known in some detail . The primary control is by interactions between mating-type genes, sume of which have recently been cloned and sequenced (Stankis et al., 1992; Specht et al., 1992) . Furthermore, two other genes that regulate the fruiting process, FBF and THN, have been identified (Springer & Wessels, 1989; Wessels et al., 194 I a) .
Regarding genes that are possible targets for regulation in this system, eight cDNA clones for mRNAs specifically and abundantly produced in the dikaryon during fruit-body formation were isolated (Mulder & Wessels, 1986) . It was shown that the expression of the "Author for correspondence. Tel. 50 632322; fax 50 632273. The nucleotide sequence data reported in this paper have been submitted to the GenBank/EMBL/DDBJ databases and have been assigned the accession numbers M81722 (Sc7) and M81723 (Scl4).
corresponding genes is under control of the mating-type genes (Ruiters et al., 1988) , the FBF gene (Springer & Wessles, 1489) and the THN gene (Wessels et al., 1991 a) . Two of these regulated genes, Sc1 and Sc4, are expressed at particularly high levels and belong to a family of genes coding for hydrophobins, small cysteine-rich hydrophobic proteins (Schuren & Wessels, 1940) . These proteins are excreted into the cell walls of fruit-body hyphae where they form high molecular mass insoluble complexes (Wessels et al., 1991b) . Another member of this gene family, Sc3 (Schuren & Wessels, 1990) , is regulated by the THN gene only and the encoded hydrophobin forms insoluble compIexes in the walls of aerial hyphae (Wessels et al., 1991 b) .
Here we report the nucleotide and amino acid sequences of two other genes, Sc7 and S c i 4 , which are abundantly expressed in the dikaryon during fruit-body formation (Mulder & Wessels, 1986; Ruiters et al., 1988) . By using an antibody against a bacterial fusion protein, we show that the Sc7 protein is excreted into the medium and loosely bound to fruit-body hyphae.
Methods
Strains, culture condifion and labelling. Surface cultures Qf S. commune monokaryon 4-40 (A43 B43, CBS 340.81) and a dikaryon, obtained by crossing monokaryon 4-40 with the co-isogenic mono-
F. H . J . Schurm and others
karyon 4-39 (A41 841, CBS 341.81), were grown at 24 "C in continuous light for 4 d as described by Wessels ef al. (1981 b) . For labelling experiments, the mycelial mats were transferred after 3 d of growth to minimal medium (Dons el al., 1979) containing either 565 kBq ['4C]lysine ml-' (specific activity > 11 GBq ml-I) or 565 kBq [14C]tyrosine ml-' (specific activity > 11 GBq ml-I) and cultivation was continued for 24 h. Alternatively, labelling was done from the beginning of cultivation with 1.89 MBq [35S]sulphate ml-l (specific activity 1000 to 1500 GBq ml-' ; MgCl, replacing MgSO, in the medium).
Isolation ofgenomic dunes. Isolation of the Sc7 and the Sc14 cDNA clones was described by Mulder & Wessels (1986) . The genomic clone for Sc7 was isolated from a genomic library of S . cornmum strain 4-39 in AEMBL4 (Schuren & Wessels, 1990) . A 1.8 kb BumHI fragment and a 0.5 kb BamHI-Sun fragment, together encompassing the entire Sc7 gene and flanking sequences, were fused in plasmid p7BBS. A genomic clone for Sc14 was isolated from a cosmid library of the coisogenic strain 4-40 (Giasson et al., 1989) . A 9.5 kb NcoI cosmid fragment containing the Sc14 gene was subcloned. This clone (p147Nc) turned out to contain both the Sc14 and the Sc7 genes.
Sequencing strategy. Subclones of both the Sc7 and the 5214 cDNA and genomic clones were constructed in pUC vectors. By sequencing these clones, independently from both strands, the nucleotide sequences of both genes were determined. Sequencing was performed with the T7 DNA polymerase kit from Pharmacia using the dideoxy chain termination method (Sanger ef al., 1977) . Transcript termini were determined by S1-nuclease experiments (Schuren & Wessels, 1990) . Nucleotide and amino acid sequences were compared with the EMBL (release 34.0) and SWPROT (release 24.0) data libraries using the PASTN and FASTP programs (Lipman & Pearson, 1985) . Multiple alignments were performed with the CLUSTAL program (Higgins & Sharp, 1988) .
Production of Sc7 fusion-protein in E.
Cali. An AIuI restriction fragment of the Sc7 cDNA clone, containing the entire coding sequence of Sc7, except for the first two amino acids, plus 17 nucleotides downstream of the stop codon, was subcloned into the SmaI site of pUC18. This insert was cloned as a EcoRi-SalI fragment into a pRIT2T vector (Pharmacia), resulting in an in-frame fusion with the Protein A gene. An overnight culture of E. coliN4830-I cells containing the Sc7 fusion gene construct was diluted 100 times to a final volume of 15 mi LB medium (Sambrook et a!., 1989) containing 50 p1 ampicillin ml-I and grown at 30 "C to early stationary phase (OD,, = 1). The thermo-inducible 3, Pr promoter was switched on by adding an equal amount of medium preheated to 54 "C and incubation continued at 42 "C fur 90 min. The cells were then lysed by sonication in 3 ml ice-cold TST buffer (50 mM-Tris/HCI, pH 7.6, 150 mM-NaC1, 0.05%, v/v, Tween 20) and the clear supernatant was applied to an IgG Sepharose-6 Fast Flow column (Pharmacia). The fusion protein was eluted from the column with 0.1 M-glycine/HCI buffer, pH 3; 1 ml fractions were collected and immediately neutralized with 0-1 M-Tris/HCI, pH 9.6. The presence of Protein A/Sc7 fusion protein was detected by Western blotting using horseradish peroxidase antiperoxidase antibodies and peroxidase activity was visualized with 4chloro-1-naphthol according to Harlow & Lane (1988) .
Antisera. Rabbits were injected five times at 10 to 14 d intervals with the Sc7 fusion protein or with purified Sc3 hydrophobin isolated from the medium of a S . cummunc monokaryon (this laboratory, unpublished). Blood was collected before the first immunization and 14 d after the last injection.
Isolation of proteins and imnzunodetectian. Hyphae were fragmented in an X-press (Biotec) and proteins were extracted by boiling fragmented hyphae and isolated hyphal walls (Wessels et al., 1991 a) in SDS sample buffer (2%, w/v, SDS, 0.05 ~-Tris/HCl, pH 6.8, lo%, w/v, glycerol, 0.001 YO, w/v, brornophend blue) for 10 min. Extracellular proteins present within fmit bodies were collected by first infiltrating isolated fruit bodies with 50 mM-Trk/HCl, pH 7.5, for 1 h under reduced pressure and recovering the infiltrated fluid by centrifugation. The fruit bodies were then ground with a pestle and mortar and the remaining proteins were extracted with hot SDS sample buffer as described above. Proteins excreted into the medium were concentrated by precipitation with 10 % (w/v) trichloroacetic acid (TCA) and solubilized with concentrated trifluoroacetic acid (TFA), before dissolution in SDS sample buffer (De Vies el al., 1933) . Proteins were separated on 12.5% PAGE gels (Laemmli, 1970 ) and transferred to polyvinylidene difluoride (PVDF) membranes (Imrnobilon-P, Millipore). The blots were blocked with 5 % (w/v) skimmed milk proteins and 1 % (w/v) polyvinylpyrrolidone (PVP) in phosphatebuffered saline (PBS, pH 7.6; per litre 8 g NaC1, 0.2 g KCI, 1-45 g Na2HP0,. 2H,O, 0.23g NaH,PO,. H,O). Incubation with antiserum and secondary antibodies (GAR-AP, Boehringer) was carried out in blocking buffer, for 1 h each, at room temperature and the blots were washed with PBS between incubation steps. Immunoreaction was visualized by the alkaline phosphatase reaction, using BCIP and NBT as substrates (Harlow & Lane, 1988) .
Results and Discussion

Nucleotide sequences of the Sc7 and Sc14 genes
The complete nucleotide sequences of Sc7 and Sc14 and the predicted amino acid sequences are shown in Figs 1 and 2, The two genes are structurally similar, closely linked (within 6 kb) and divergently transcribed ( Fig. 3) . At the DNA level the homology in the coding parts of Sc7 and Sc14 is 70%. The GC-content in the coding regions of both genes is quite high (64 % for both genes), but is much lower in the 5'-and 3'-noncoding regions (55 % for Sc7, 54 % for Sc14). A TATA-box is present in the promoter regon of both genes around 30 nucleotides upstream of the transcription start point. In the Sc7 promoter region the sequence CGAAT is present starting at position -85, which is quite similar to the CCAAT box found in many genes of eukaryotes between nucleatides -70 and -90 (Benoist et al., 1980) . The sequences around the ATG initiation codons of both genes fit the consensus of Kozak (1984) with an A at position -3.
The intron positions were determined from a comparison of the cDNA and genomic sequences. Both the Sc7 and the Sc14 genes contain five introns, four of which are at exactly the same positions with respect to the amino acid sequences (Fig. 3 ). The first intron of both genes is rather large (134 bp for Sc7, 103 bp for Sc14), whereas the other introns are smaller (49 to 76 bp) and more similar in size to those found in the Scl, Sc3 and Sc4 genes of S. commune (Schuren & Wessels, 1990) and of fungal genes in general (Gurr e f al., 1987) . Intron 5 of Sc14 is located in the 3'-noncoding region of the gene. All introns start with GT and end with AG, but apolar core and a lysine at position 2, indicating signal sequences for secreted proteins (Watson, 1984) .
Both Sc7p and Scl4p are rich in alanine (13-14 Yo), aspartate (6 %) and asparagine (6-7 YO) residues. Also the aromatic amino acids tryptophan and tyrosine are quite abundant (each 4-5 %> as are charged amino acids (16 YO for Sc7p, 20 % for Scl4p). Overall, Sc7p is slightly acidic and Scl4p slightly basic. Sc7p has four potential N-glycosylation sites (Spiro, 1973) at positions 80, 118, 134 and 190, whereas Scl4p has only two at positions 61 and I43 (Figs I, 2 and 4a) . Except for the N-terminal signal sequences both proteins are rather hydrophilic and hydropathy plots are quite similar (Fig. 5) . If the amino acid alignments (Fig. 4a) are considered, it is noticeable that all four cysteine residues, all eight tryptophan residues and seven out of nine tyrosine residues are conserved with respect to their positions, whereas two phenylalanine/ tyrosine pairings and one tryptophan/ tyrosine pairing are present also. According to the Dayhoff amino acid similarity index (Dayhoff, 1978) , the conservation of these amino acids indicates that both prokins h a w similar structures. The codon usage of Se7 and Sc14 is clearly biased as is often found in highly expressed genes from filamentous fungi (Gurr et al., 1987) . C is preferred as third base (48 *% in Sc7, 52 % in %I$), whereas an A is rarely used (4-5 %> and a G is clearly preferred over T as a third base (35 ?h G, only 9-13 % T). Because of the strong codon bias some codons (TTA, CTA, ATA, GTA, ACA, AAA and CGA) are not used at all. (1)) Sc7p, Scl4p, PRla, PRlb, PKlc and p14 protcitis. Sc7p and Scl4p sequences are from this paper, PKla, PKlb and PRlc arc PR protcins from tobacco (Cornelissen r f nl., 1986), p14 a PK prntcin from tomato (Lucas et a/.. 1985) . Shadings mark thc amino acids identical in a11 aligiied sequences. asterisks mark conservative substitutions atid black triangles (in ( I ) indicate putativc N-glycosylation sitcs in Sc7p and Scl4p. The sequences of the venom allergen 5 form 3 from the whiteface hornet (Fang ET d., 1988) and of the rat sperm-coatingglycoprotein (Brooks ct a/., 1986) are not shown here, but they also show statistically significant similarity to the Sc7p and Scl4p sequences. The multiple alignments were performed with the CLUSTAL program (Higgins & Sharp. 1988).
Comparison of the amino acid sequences of Sc7p and
Scl4p with the SWPROT databank shows statistically significant similarities to the pathogenesis-related proteins PRla, PRlb and PRlc from tobacco (Cornelissen er a/.. 1986) and p14 from tomato (Lucas el nl., 1985) and some more PR1 proteins from different plants. The Amino acid no. Fig. 5 . Comparison of the hydropathy patterns of the Sc7 and Sc14 proteins. The patterns were determined using the parameters of Kyte & Doolittle (1982) . A six-amino-acid window was used and plotted against position in the amino acid sequence. Peaks above the line represent hydrophobic regions.
homology between Sc7p (204 aa), Scl4p (214 aa) and the PR1 proteins (130-168 aa) includes 35 identical amino acids in all six sequences and 48 conservative substitutions (Fig. 4b) . The Sc7 and Sc14 proteins also show significant similarities to the venom allergen antigen 5 forms 2 and 3 (214 and 215 aa) of the white-face hornet (Fang et al., 1988) , with 36 identical amino acids and 66 conservative substitutions, and to a sperm-coating glycoprotein from rat (Brooks el a/., 1986; 246 aa) and testis-specific proteins from man and mouse (Kasahara et al., 1939 ; both 243 aa), with 29 identical residues and 54 conservative substitutions (data not shown). Unfortunately, all these proteins are of unknown functions although they all are located extracellularly.
Deieciim of the Sc7protein in uiuu
Previous studies have shown that Sc7mRNA is more abundantly expressed than Sc14 mRNA, with ratios varying from 2.5; 1 (Mulder & Wessels, 1986) to 10: 1 (Ruiters et al., 1988) . We have repeated these RNA studies and found a ratio of 9: 1 (data not shown). Therefore, we focused on the identification of the Sc7 protein in zjizjo.
Proteins from the medium of 4-d-old cultures of monokaryon and dikaryon were separated by PAGE, blotted onto PVDF membranes and reacted with antisera raised against purified Sc3 hydrophobin and the Sc7/ Protein A fusion protein. Prior to electrophoresis the proteins were treated with TFA to effect dissociation of hydrophobins (De Vries r i d., 1993) . The reaction of the Sc3 antiserum showed the presence of Sc3p in both monokaryon and dikaryon media (Fig. 6u) , as expected, whereas a signal with the Sc7 antiserum was present only in the dikaryon medium (Fig. 6b) . Similar signals with the Sc7 antiserum were present in hot-SDS-extracts of the mycelium of the dikaryon (bearing fruit bodies) but not in the extracts of the monokaryon (Fig& 6c) . Crossreaction of Sc7 antibodies with Scl4p cannot be excluded. However, because of the higher abundancy of Sc7 mRNA the major protein detected most probably is Sc7p and not Scl4p; the weaker signals in Fig. 6 (b, c> may either represent different modified forms of Sc7p or result from the cross-reacting Scl4p. Clearly, these bands are specific for the dikaryon since all of them are absent in the monokaryon, both in the SDS-extract of mycelium and in the culture medium. Pre-immune sera were negative in all cases (results not shown).
The Sc7 protein running at 23 kDa can also be distinguished from the Sc3 hydrophobin, which runs at a slightly higher position (24 kDa), by differential labelling with radioactive precursors. The Sc3 hydrophobin is rich in cysteine and thus heavily labelled with [35S]sulphate (Fig. 7, lane 1) but contains only one tyrosine residue and no lysine residues. Consequently, [14C]tyrosine only weakly labels Sc3 hydrophobin but heavily labels a protein in the culture fluid of the monokaryon, running at 15 kDa (lane 2). This protein is absent from the medium of the dikaryon, but [14C]tyrosine now heavily labels a protein running at 23 kDa (lane 3). [14C]Lysine heavily labels a protein running at the same position (lane 4). Because Sc7 is rich in both tyrosine and lysine we presume that this protein is Sc7p.
Sc7p UCCUYS exiraceEIuEarEy in fruit bodies
Assuming Sc7p to be an excreted protein, Sc7p present in mycelial extracts should be primarily derived from hyphal walls or from the interhyphal spaces in the fruit bodies of 4-d-old dikaryotic mycelia. SDS-extracts from purified hyphal walls showed the presence of some Sc7p but most of the Sc7p was removed during the washing procedure (results not shown). Thus, Sc7p was either present intracellularly or, if extracellularly, very loosely bound to the hyphal walls. Therefore, apoplasmic fluid was collected after infiltrating fruit bodies with 50 mM-Tris/HCl, pH 7.5, followed by fragmentation of the fruit bodies and extraction of proteins with hot-SDS buffer. Silver staining detected several proteins in the apopiasmic fluid (Fig. 8, lane 1) and a very distinct immunological in the fruit bodies occurs loosely bound to the hyphal walls and/or in the space between the hyphae.
Previous studies (Wessels el al., 199 1 b) have shown the presence of another abundant extracellular protein, the Sc4 hydrophobin, in the fruit bodies of S . commune. In contrast to Sc7p, Sc4p appears tightly bound to the hyphal walls. Both proteins may play important roles in interactions between the dikaryotic hyphae which lead to formation of pseudo-parenchymous tissue.
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